ABSTRACT Persistence and diuretic shedding of hepatitis B virus (HBV) by mosquitoes (Diptera: Culicidae) was studied by using infectious blood feedings, intrathoracic inoculations, and detection of virus by polymerase chain reaction (PCR) and Southern hybridization. Results showed that both Anopheles stephensi Liston and Ochlerotatus triseriatus (Say) shed HBV during diuresis for up to 72 h after feeding on an HBV-positive serum drawn from a human donor. HBV did not persist in the bodies of either An. stephensi or Oc. triseriatus past 72 h by infectious feeding or intrathoracic inoculation of HBV suspension. Viral dissemination did not occur by infectious feeding in An. stephensi or Oc. triseriatus, or by intrathoracic inoculation in An. stephensi, Oc. triseriatus, or Culex quinquefasciatus Say. These results suggest that HBV could be transmitted to humans by a stercorarian route, especially if mosquitoes that fed on an HBV-positive human are interrupted during feeding and move to another person to resume feeding.
HEPATITIS B VIRUS (HBV)
is an important cause of acute and chronic hepatitis, cirrhosis of the liver, and primary hepatocellular carcinoma worldwide (CDC 1990) , resulting in an estimated two million deaths each year (Hamilton 1994) . Although the primary modes of virus transmission are thought to be by parenteral, perinatal, and sexual routes, up to 40% of people infected with HBV are not associated with these risk factors (Alter and Mat 1994) . Neefe (1949) was the Þrst to consider the possibility that hematophagous arthropods could transmit the hepatitis B virus. Prince (1970) suggested transmission in nature by nonparenteral routes, including hematophagous arthropods, with the subsequent detection of hepatitis B surface antigen (HBsAg) by solid-phase radioimmunoassay in wild-caught mosquitoes (Prince et al. 1972) . Since then, some investigations (Hawkes et al. 1972 , Leevy et al. 1972 , Prince et al. 1972 , Brotman et al. 1973 , Muniz and Micks 1973 , Ishii et al. 1974 , Wills et al. 1976 , Chen et al. 1987 , Fouche et al. 1989 , Fouche et al. 1990 , Jupp et al. 1991 ) incriminated mosquitoes as potential mechanical vectors of HBV, whereas others (Smith et al. 1972 , Metselaar et al. 1973 , Wills et al. 1976 suggested that mosquitoes may be biological vectors. Still other studies produced no evidence implicating mosquitoes as vectors (Skinhoj 1972 , Byrom et al. 1973 , Newkirk et al. 1975 , Berquist et al. 1976 ), or produced inconclusive results , Tin et al. 1973 , Dick et al. 1974 , Papaevangelou and Kourea-Kremastinou 1974 , Hyams 1989 . Some investigations (Leevy et al. 1972 , Brotman et al. 1973 , Newkirk et al. 1975 , Chen et al. 1987 showed that HBsAg disappeared rapidly as the blood meal was digested, but other experiments showed persistence of HBsAg for 6 d (Muniz and Micks 1973) , 7 d (Tin et al. 1973) , 10 d (Smith et al. 1972) , and 5 wk (Metselaar et al. 1973 ) after feeding.
Other researchers have examined the problem of HBV transmission from an epidemiological perspective. An epidemiological study conducted in Greece (Papaevangelou and Kourea-Kremastinou 1974) suggested a correlation between mosquito density and the prevalence of HBV in two cities. Mayans et al. (1990) found a signiÞcant association between hepatitis E antigen antigenaemia and the presence of bed bugs in childrenÕs beds. However, a later intervention study (Mayans et al. 1994) found little epidemiological evidence to support bed bugs as the major mode of transmission of hepatitis B in Gambian children.
Due to the host speciÞcity of HBV, few transmission studies have been conducted with mosquitoes, and those existing results are contradictory. No evidence of mechanical or biological transmission was found in studies with human volunteers (Neefe 1949) and chimpanzees (Berquist et al. 1976 ); however, Smith et al. (1972) detected HBsAg by immunoßuorescent staining of chicken subcutis immediately after virusexposed mosquitoes bit the chickens. Yuhuang et al. (1995) reported that nine of 29 monkeys bitten by virus-exposed mosquitoes were positive for HBV serum markers.
Despite the body of literature on the subject, there are still several gaps in our knowledge of the interactions between HBV and mosquitoes. No previous study has attempted to measure the persistence, fate, and shedding of HBV in mosquitoes using molecular tools [polymerase chain reaction [PCR] and Southern detection] to detect HBV nucleic acids. All previous studies used immunological detection assays for the HBsAg, a protein on the surface of all three particles produced by the HBV. Only one of these three particles contains viral DNA and is infectious (Blumberg et al. 1965) . The concentration of noninfectious associated HBsAg exceeds the concentration of infectious particles by 10 4 or more. Consequently, studies that relied entirely on HBsAg detection cannot indicate whether infectious particles are present, nor the concentration of infectious particles. In addition, the ability to conduct transmission studies is severely limited by the host speciÞcity of the virus. Detecting HBV DNA would provide better evidence that infectious particles were present. Additionally, there have been no studies that examined the fate of HBV after intrathoracic inoculation of virus in insects, thus circumventing digestive processes and the midgut barrier. The purpose of this study was to redress these issues.
Materials and Methods
Mosquitoes. Anopheles stephensi Liston, Ochlerotatus triseriatus (Say), and Culex quinquefasciatus Say in laboratory colonies were reared using standard methods.
Hepatitis B Virus-Infected Serum Collection. Sera were obtained from HBV-positive patients and from noninfected persons as controls and frozen at Ϫ70ЊC until use. The Abbott HBV DNA Assay (Abbott Laboratories, Abbott Park, IL) was used to assay hepatitis B viral levels (pg of HBV DNA/ml of serum).
Experimental Feedings and Manipulations. Female mosquitoes, up to 6 d old, were transferred from stock cages to experimental feeding containers and starved from sugar for 1 d before an experiment. Mosquitoes were provided an HBV-positive blood meal consisting of 1 ml of serum (1,500 pg/ml of HBV DNA), 2 ml of horse serum and 2 ml horse red blood cells. The control blood meal was similar except that the human serum was HBV-negative. These mixtures (5 ml) were loaded into artiÞcial feeding chambers (Hemotek 5W1, Discovery Workshop, Accrington, UK) and the mosquitoes allowed to feed. Engorged mosquitoes were transferred to respective clean containers with Þlter paper on the bottom, and kept in a sealed glove box at 25ЊC with wet cotton pads for humidity.
At designated intervals, individual mosquitoes were removed from the experimental chambers and immobilized with cold. Wings and legs were removed with a sterile scalpel to ease saliva collection and the legs were collected and processed separately to test for virus dissemination. To stimulate salivation and collect saliva, the proboscis of the mosquitoes was inserted into a microcapillary tube containing 100 l of either or TM100 cell culture medium. After 5 min, the microcapillary tube was removed and the cell culture medium expelled into an empty 1.5-ml eppendorf tube. Then, the mosquito body was placed into a second 1.5-ml eppendorf tube. Samples were frozen at Ϫ70ЊC until extraction of nucleic acids (see below). Filter paper used to collect feces was removed at designated intervals after feeding and frozen at Ð70ЊC. Clean Þlter paper was placed in the chambers. Cohorts of An. stephensi, Oc. triseriatus, and Cx. quinquefasciatus were inoculated intrathoracically (Rosen and Gubler 1974) with 0.3 l of either a HBV-positive serum suspension (equivalent to Ϸ30 viral particles), or a control suspension. The HBV-positive suspension consisted of 1:5 mixture of HBV serum (Ͼ2,000 pg/ml HBV-DNA) and E-199 cell culture medium. The control suspension consisted of 1:5 mixture of HBV-negative serum and E-199 cell culture medium. Infected cohorts were kept in a sealed glove box at 25ЊC with wet cotton pads for humidity.
Sensitivity of PCR and Southern Blot Assays. The sensitivity of PCR and Southern blot to detect HBV nucleotide target sequence was assessed by analyzing 10-fold serial dilutions of HBV serum used in the experimental feedings (1,500 pg HBV DNA/ml). One picogram of HBV DNA equates to Ϸ2.8 ϫ 10 5 genomic equivalents (Hollinger 1996) . The serum was diluted beyond the theoretical end point of one viral particle. A second set of serial dilutions was made and a whole An. stephensi was added to each tube to determine the level of detection in the mosquitoes. A third set of serial dilutions was prepared and dispensed onto a piece of Þlter paper to determine the level of detection from Þlter paper. Nucleic acids were then extracted from these samples as described below.
Nucleic Acid Extraction and Detection. Mosquitoes or their legs were ground with tight-Þtting pestles in eppendorf tubes in the presence of 250 l of DNAzol and 5 l of Polyacryl Carrier (Molecular Research Center, Cincinnati, OH). The optimal volume and ratio of DNAzol and polyacryl carrier for different sample constituents was determined in preliminary studies (Blow 1998) . Fecal spots (Ͻ1 mm diameter) from Þlter papers were cut out, four or Þve spots were placed in one eppendorf tube, and nucleic acids were extracted with 750 l of DNAzol and 15 l of polyacryl carrier. A 100-l saliva sample was mixed with 500 l of DNAzol and 10 l of polyacryl carrier. Filter paper extractions were performed overnight at 4ЊC. Genomic DNA was precipitated from the lysate with cold ethanol, washed with ethanol and dried, then reconstituted in 10 l of HPLC water. These samples were concentrated by centrifugation and frozen (-20ЊC) until subjected to PCR.
Oligonucleotide primers were used to amplify a 270-bp fragment from the conserved precore and core region of the HBV DNA genome, corresponding to mapped nucleotides 1891Ð1920 (Lauder et al. 1993) (Fig. 1) , as follows. The sense primer 5Ј-CTTT-GGGGCATGGACATTGAC CCGTATAA-3Ј begins at nucleotide map position 1763 and the antisense 2032R 5Ј-CTGAC TACTAATTCCCTGGATGCT-GGGTCT-3Ј begins at map position 2032 (Fujiyama et al. 1983) . A 2.5-l aliquot of sample DNA was subjected to PCR (Perkin Elmer GeneAmp PCR System 2400, Norwalk, CT) in a 50-l reaction volume containing 2.5 U of Taq DNA polymerase (Perkin Elmer), 200 mol/L each of four bases (Boehringer Mannheim, 100 mM pH7, dNTPs Li-salt), 1 mol/L of the primer pair, 50 mmol/liter Tris-HCl (pH 8.3) (Perkin Elmer10 ϫ PCR Buffer II), 1.5 mmol/liter MgCl 2, and 0.01% (wt/vol) gelatin (25 mM MgCl 2, Perkin Elmer) (Kaneko et al. 1989) . PCR conditions were as follows: 1 min at 94ЊC, followed by 30 cycles of 94ЊC for 1.5 min, 42ЊC for 1.5 min, 72ЊC for 3 min, and then a Þnal extension reaction for 7 min at 72ЊC. PCR products were visualized as follows. Aliquots (8 l) from the PCR reactions were electrophoresed on 2% agarose gels containing 0.5 g/ml of ethidum bromide and 1.0ϫ Tris-borate buffer (TBE). The gels were exposed to UV illumination to reveal PCR products. These products were transferred from the gels to nylon membranes for Southern hybridization. An oligonucleotide internal to the PCR oligonucleotides was used to probe PCR products. The sequence, 5Ј ÐTGT-TCACCTCACCATACAGC-3Ј, begins at map position 1913 of the hepatitis B viral genome. This probe was labeled at the 3Ј end with digoxigenin-ddUTP, bound to PCR product on nylon membranes, and visualized with a digoxigenin nucleic acid detection kit (Kit #1175041, Boehringer Mannheim, Germany).
Experimental Series. In the Þrst experiment, An. stephensi and Oc. triseriatus that had engorged on an HBV-positive blood meal were held for 3, 7, or 14 d after feeding. Filter papers were collected at each of these days, replaced with clean ones, and frozen for later extraction of nucleic acids from fecal spots on the paper.
In the second experiment, An. stephensi and Oc. triseriatus that had engorged on a HBV-positive blood meal were collected, processed, and frozen immediately after feeding (time point 0), and at 6, 12, 24, 48, or 72 h after feeding. Similarly, Þlter papers were placed, removed, and frozen at these time intervals for later extraction of nucleic acids from fecal spots on the paper.
In the third experiment, the oral transmission capability of An. stephensi that engorged on an HBVinfected blood meal was assessed, as follows. Females were held for 3 d after infectious blood feeding, allowed to oviposit, and then offered the opportunity to feed on a negative control blood meal in an artiÞcial feeding chamber. Engorged mosquitoes, blood remaining in the reservoir, the feeding membrane itself and Þlter paper placed beneath the mosquitoes while they fed (to catch fecal droplets) were all saved for PCR detection of HBV.
In the fourth experiment, cohorts of An. stephensi, Oc. triseriatus, and Cx. quinquefasciatus were inoculated intrathoracically by methods described earlier, held 3, 7, 14, or 21 d, processed and frozen as described earlier. Filter papers were collected at each of these days, replaced with clean ones, and frozen for later extraction of nucleic acids from fecal spots on the paper.
Results

Sensitivity of PCR and Southern Blot Detection of HBV.
PCR and gel electrophoresis yielded visible 270-bp products after ampliÞcation from HBV-positive serum at the 1:1000 dilution, equivalent to four viral particles; the presence of mosquito tissue mixed with positive serum did not decrease sensitivity of the procedure ( Fig. 2A) . PCR products blotted for Southern hybridization with the probe binding to the precore region of the viral genome were visible at the 1:10,000 dilution (equivalent to 0.4 virus particles) for serum plus mosquito tissue (Fig. 2B ). The addition of fecal Þlter paper to HBV-positive serum decreased the sensitivity of the PCR and Southern detection methods similarly by 100-fold, such that PCR and the Southern blot had visible bands at the equivalent of 400 viral and 40 viral particles, respectively (Fig. 3) . Thus, Southern hybridization both conÞrmed the PCR ampliÞcation of HBV and added another degree of sensitivity to the detection method.
HBV Infected Feeding Experiments. In the Þrst experiment, all results for ground bodies and legs of both An. stephensi and Oc. triseriatus that had fed on a HBV-positive blood meal were negative at 3, 7, and 14 d after feeding (three individuals of each species at each time point). However, HBV was detected in fecal spots shed by An. stephensi on Þlter paper removed at 3 d; six of 22 spots (27%) were positive by PCR, and 10 of 22 spots (45%) were positive by Southern blot. Additionally, one of 30 (3%) fecal spots shed by Oc. triseriatus was positive by PCR and Southern blot at In the second experiment, HBV was detected by PCR and Southern blot in all An. stephensi bodies at 0 and 6 h. At 12 h, 60% of the bodies had detectable virus by PCR and 100% of bodies were positive by Southern blot. At 24 h, 70% of the bodies were positive by both PCR and Southern blot. At 48 h, 40% of the bodies were positive by PCR and Southern blot (Fig. 4) . At this time interval, the legs of one mosquito were positive by PCR and Southern blot. This was the only positive leg sample for An. stephensi. All An. stephensi bodies were negative by 72 h. No saliva samples were positive for this species. For Oc. triseriatus, HBV was detected in all bodies immediately after feeding and at 12, 24, 48, and 72 h after feeding by both PCR and Southern blot (two mosquitoes per interval). However, HBV was not detected in the two mosquitoes sampled at 6 h after feeding. One saliva sample at the 12-h interval was positive, as were the legs of this same mosquito. The legs of one Oc. triseriatus at the 48-h interval were positive by Southern blot.
We detected HBV in fecal spots of both Oc. triseriatus and An. stephensi for up to 72 h after these mosquitoes fed on a viremic blood meal (Fig 5) . However, at each time point, the detection rate was considerably higher in An. stephensi.
Oral Transmission Potential of An. stephensi During Refeeding.In the third experiment the four An. stephensi that refed on a membrane were negative for the virus by both PCR and Southern blot. The membrane and the blood used in the feeding apparatus were also negative. Likewise HBV virus was not detected on the Þlter paper collected immediately after refeeding.
HBV Intrathoracic Inoculation Results. In the fourth experiment, no virus was detected, by PCR or Southern blot, in any samples of saliva, legs, bodies or feces of Oc. triseriatus, An. stephensi, or Cx. quinquefasciatus collected at 3, 7, or 14 d after intrathoracic inoculation with HBV-positive serum.
Discussion
The results obtained in this laboratory study indicate that the mosquitoes studied are unlikely to serve as biological vectors of the HBV. The use of PCR and Southern blot provided a sensitive method for detecting the HBV genome in our samples. The oligonucleotide primers hybridized with the conserved precore and core region (Lauder et al. 1993 ) that contains two initiation codons that encode the structural proteins of the nucleocapsid (Pasek et al. 1978) . The Þrst initiation codon product is the 25-kd precore/core protein that produces the HBsAg. The second initiation codon product is the 21-kd core protein, that forms the viral nucleocapsid with the HBV DNA (Thomas and Carman 1994) . Thus, detecting this region of the genome provided indirect but strong evidence that the mosquitoes in our experiments ingested or were inoculated with infectious particles and not merely noninfectious particles with surface antigen, and that infectious virions were detected in subsequent samples. Certainly, carefully controlled transmission studies would be needed to answer the lingering question of whether HBV detected by the PCR and Southern blot methods we used is actually infectious. However, due to the host speciÞcity of HBV, the difÞculty in replicating this virus in cell culture, HBV susceptible primates would be needed to test this hypothesis. Due to our limited funds, lack of facilities, and lack of primates, this hypothesis was not addressed any further.
HBV nucleic acid was detected in An. stephensi for 48 h after infected feeding and in Oc. triseriatus for 72 h after infected feeding, indicating that the disappearance of the virus correlates with the digestion of the blood meal. This observation agrees with the Þndings of Leevy et al. (1972 ), Brotman et al. (1973 , Newkirk et al. (1975) and Chen et al. (1987) , who found a direct correlation between HBsAg disappearance and blood meal digestion. The lack of reappearance of virus in the later infected feeding collection time points and the lack of detectable virus in the inoculated mosquitoes indicates that the virus did not infect mosquitoes and supports earlier studies (Hawkes et al. 1972 , Leevy et al. 1972 , Prince et al. 1972 , Brotman et al. 1973 , Muniz and Micks 1973 , Ishii et al. 1974 , Wills et al. 1976 , Chen et al. 1987 , Fouche et al. 1989 , Fouche et al. 1990 , Jupp et al. 1991 in Þnding no evidence of biological transmission by mosquitoes. However, because of detection of HBV nucleic acids for up to 72 h in mosquito bodies and feces, mosquitoes may potentially be mechanical vectors.
The lack of detection of virus at 6 h in Oc. triseriatus and the subsequent detection of virus at 12, 24, 48, and 72 h is not readily explained. A review of extraction and PCR records revealed that the 12 h samples that were extracted in that batch were positive, thus indicating that the extraction procedure was done correctly. The samples were ampliÞed with the 0-h samples that were also positive and all controls worked. The small sample size of two is problematic and only another experiment with a large sample size could more clearly establish the fate of the virus.
The detection of virus in the legs of one 48-h An. stephensi, saliva and legs of one 12-h Oc. triseriatus, and the legs of one 48-h Oc. triseriatus poses several questions. The detection of virus in the legs of three mosquitoes may indicate virus dissemination. One possible explanation is the contamination of the legs and saliva during the collection process. The handling and removal of the legs and wings from the body may have ruptured the gut or caused defecation of virus, contaminating the legs and saliva during collection. The most likely explanation is the contamination of the legs with feces at any time before their removal. Due to the sensitivity of the PCR and Southern hybridization methods, these results need to be examined carefully for potential contamination. The small sample size does not allow an inference or conclusion regarding the signiÞcance of these positive samples.
The presence of detectable virus in the feces of the mosquitoes raises the question as to whether the virus may be mechanically transmitted. Mosquitoes only associate with a host during feeding, therefore, the signiÞcance of virus in the feces is debatable. Our results indicate that anopheline mosquitoes defecate virus during feeding on an infected host; however, the host is the source of the virus and thus cannot be reinfected. There is potential that an anopheline mosquito that ingested a partial blood meal from an infectious host and subsequently fed on a susceptible host, might transmit the virus during feeding by excretion of virus during prediuresis. A second potential means of mechanical transmission is when a partially engorged infected mosquito is killed during a subsequent feeding attempt resulting in deposition of virus on a susceptible host. A third possibility is that mosquitoes rest in human dwellings after feeding and excrete virus into the environment, providing a potential route of contact infection. These modes of infection occur in at least two other arthropod-borne diseases systems: body lice (Pediculus humanus humanus L.) and the rickettsiae that cause epidemic louseborne epidemic typhus (Rickettsia prowaszekii), which is transmitted stercorarially and by crushing (Edman 2000) . Separately, studies indicate that inanimate objects contaminated with HBV may contribute to disease for up to 1 wk and possibly longer (Bond et al. 1977 (Bond et al. , 1981 . The virus has been reported to be viable after storage at room temperature for 6 mo (Havens and Paul 1965) and exposure to UV irradiation (Barker 1970) . Therefore it is possible that HBV shed onto surfaces in mosquito feces could remain viable and infectious.
Hence, the signiÞcance of the detection of viral genome in the feces of the mosquitoes remains unclear. A carefully controlled transmission study is needed to determine if it can lead to HBV transmission. However, due to the host speciÞcity of HBV and the cost associated with working with primates, the use of a related animal hepadnavirus and its animal host would be recommended to address the question of mechanical transmission of the virus by mosquitoes.
